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Inbred mice are used to investigate many aspects of human physiology, including
susceptibility to disease and response to therapies. Despite increasing evidence that the
composition and function of the murine intestinal microbiota can substantially influence
a broad range of experimental outcomes, relatively little is known about microbiome
dynamics within experimental mouse populations. We investigated changes in the
intestinal microbiome between C57BL/6J mice spanning six generations (assessed at
generations 1, 2, 3, and 6), following their introduction to a stringently controlled facility.
Fecal microbiota composition and function were assessed by 16S rRNA gene amplicon
sequencing and liquid chromatography mass spectrometry, respectively. Significant
divergence of the intestinal microbiota between founder and second generation
mice, as well as continuing inter-generational variance, was observed. Bacterial taxa
whose relative abundance changed significantly through time included Akkermansia,
Turicibacter, and Bifidobacterium (p < 0.05), all of which are recognized as having the
potential to substantially influence host physiology. Shifts in microbiota composition were
mirrored by corresponding differences in the fecal metabolome (r = 0.57, p = 0.0001),
with notable differences in levels of tryptophan pathway metabolites and amino acids,
including glutamine, glutamate and aspartate. We related the magnitude of changes in
the intestinal microbiota and metabolome characteristics during acclimation to those
observed between populations housed in separate facilities, which differed in regards to
husbandry, barrier conditions and dietary intake. The microbiome variance reported here
has implications for experimental reproducibility, and as a consequence, experimental
design and the interpretation of research outcomes across wide range of contexts.
Keywords: C57BL/6J inbred mice, mice generations, fecal microbiota, fecal metabolome, microbiome variation
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INTRODUCTION
Murine models have contributed substantially to biomedical
research, from investigations of basic physiology to assessments
of therapies and clinical procedures (Rabadan-Diehl and
Nathanielsz, 2013). The use of mice not only allows experiments
that would not be acceptable in humans, but also facilitates
the control of variables, such as genetic differences, that could
otherwise confound experimental outcomes. The importance
of maintaining genetic uniformity in experimental populations
is well-recognized (Fahey et al., 2013). However, there is
increasing evidence from studies involving both human and
mouse that the gut microbiome has a major influence on
many aspects of physiology and disease susceptibility. For
example, the intestinal microbiome has been shown to be an
important regulator of both metabolic homeostasis (Sonnenburg
and Backhed, 2016) and adaptive and innate immunity (Jarchum
and Pamer, 2011). There is even compelling evidence that
host-microbe interactions directly affect brain development and
cognition (Rogers et al., 2016). Disruption of these homeostatic
roles through perturbation of the normal microbial balance is
associated with an increasing number of pathological conditions;
including obesity, autoimmune diseases, chronic gastrointestinal
inflammatory diseases, type II diabetes, depression, and cancer
(Carding et al., 2015). In addition, the influence of the intestinal
microbiota in the efficacy of therapies is reflected through their
roles in the reductive metabolism of pharmaceuticals (Liang
et al., 2015) and the production of hepatic enzymes involved in
systemic drug metabolism (Meinl et al., 2009).
An appreciation of the potential for variation at the
microbiome level to influence the outcomes of animal-based
experiments is growing. A recent high-profile study showed
that differences in melanoma growth were linked to the
differences in intestinal microbiota composition of mice obtained
from separate commercial suppliers (Sivan et al., 2015), while
differences in microbiota composition have also been implicated
in susceptibility to both dextran sodium sulfate-induced
(Brinkman et al., 2013) and Helicobacter hepaticus-induced colitis
(Yang et al., 2013).
Such microbiota-level differences can arise due to internal
or external influences on the gut environment. For example,
genetic background (Deloris Alexander et al., 2006; Campbell
et al., 2012), diet, age (Langille et al., 2014; Ericsson et al.,
2015) and to a lesser extent, sex (Kovacs et al., 2011; Campbell
et al., 2012) have all been shown to influence the intestinal
microbiota of mice. Differences can also arise through stochastic
processes. For example, the physical separation of animals
facilitates microbiota drift, a process that has been demonstrated
both within (Campbell et al., 2012; McCafferty et al., 2013;
Rogers et al., 2014; Hoy et al., 2015; Jakobsson et al., 2015) and
between (Friswell et al., 2010; Rausch et al., 2016) animal facilities.
Separation of knockout (KO) and control strains (Ubeda et al.,
2012) have been demonstrated to contribute to the phenotypic
characteristics reported for KO. Together, these factors are
likely to contribute to the substantial differences in intestinal
microbiota in mice obtained from different commercial suppliers
(Friswell et al., 2010; Hufeldt et al., 2010; Ericsson et al., 2015).
Importantly, differences in microbiota composition can have a
profound influence on the metabolites and excreted factors that
the commensal intestinal bacteria collectively produces (Claus
et al., 2008; Wikoff et al., 2009; Rogers et al., 2014). Referred
to as the intestinal metabolome, this extracellular milieu is a
key mediator of many microbiota-host signaling interactions,
and influence disease and health outcomes (Andoh et al., 2003;
Vinolo et al., 2011). The microbial community of mice were
previously observed to undergo a period of equilibration and
stabilization when transferred from a mouse farm or vendor into
an animal facility (Fushuku and Fukuda, 2008b; Hoy et al., 2015).
However, the extent to which these changes dissipate or persist
over successive generations is not known.
The vertical transmission of microbes between dams and
pups has been shown to be important in influencing intestinal
microbiota composition (Friswell et al., 2010; Daft et al.,
2015). The reconstitution of the maternal microbiota in
offspring is an imperfect process that is likely to contribute
substantially to bacterial dispersal within a population (Rausch
et al., 2016; Sonnenburg et al., 2016). Our study sought
to investigate microbiome-level inter-generational differences
within a population following its introduction to a controlled
animal facility. Specifically, we hypothesized that significant
differences in intestinal microbiota composition and function
would exist at a population level both in the generation
immediately following introduction, and between subsequent
generations of mice within the same lineage. Further, we
hypothesized that these differences in bacterial taxa and fecal
metabolites would have the potential to significantly influence
host physiology. Accordingly, we assessed fecal microbiota
composition and functional output in inbred C57BL/6J mice
across six generations following their introduction into a strictly
regulated animal facility.
MATERIALS AND METHODS
Mouse Populations
Mouse studies were conducted according to the institutional
animal ethics committee guidelines (SAHMRI Animal Ethics
Committee, Adelaide, SA, Australia). Mice involved in the
inter-generational study were bred from the C57BL/6J strain.
“Generation” refers to the generation post-arrival at the facility,
with the founder mice (G1) originally obtained from the Jackson
Laboratory (Bar Harbor, ME, USA). G1 were housed and
subsequently bred at the South Australian Health and Medical
Research Institute Bioresources Facility (Adelaide, SA, Australia)
to obtain G2, G3, and G6 mice. A schematic diagram for
the breeding of mice generations is detailed in Supplementary
Figure S1.
Mice were weaned at 3–4 weeks of age, distributed to
individually ventilated cages within a single holding room, fed
an identical diet (Teklad Global 18% Rodent Protein Diet,
Harlan Laboratories, USA), maintained under the Federation
of European Laboratory Animal Science Associations (FELASA)
standards and routinely screened using a SNP genotyping panel.
Fecal samples were collected from 6 to 24 weeks old mice from the
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founder generation, (G1, n = 24), and the second (G2, n = 12),
third (G3, n = 25) and sixth generation (G6, n = 22). Breeding
scheme is provided in the Supplementary Figure S1.
For the assessment of within-individual variation, fecal
samples were collected from mice (n = 8) at ages of 4, 8, and
16 weeks old (corresponding to 1, 5, and 13 weeks post-weaning
(PW), respectively).
To assess inter-facility variation, mice from the Flinders
University School of Medicine (Adelaide, SA, Australia) (referred
to as AF2) were compared to G6 mice at the South Australian
Health and Medical Research Institute (referred to as AF1). Mice
at the AF2 (n = 21) were derived from the Animal Resources
Centre (Murdoch, WA, Australia), and previously from the
Jackson Laboratory. The AF2 mice were maintained under
different conditions compared to those from AF1, including the
use of conventional caging, a different diet (Rat and mouse
premium breeder diet 23% protein, Gordon’s Specialty Stockfeed,
Australia) and SPF-conditions. Sex distribution did not differ
significantly between study groups.
DNA Extraction and 16S rRNA Gene
Amplicon Sequencing
Fecal samples were collected by placing individual mice in a
clean cage. Fresh fecal pellets were transferred using a sterile
toothpick to a 1.5 mL Eppendorf tube and stored at −80◦C
prior to analysis. Fecal pellets were dispersed in 1 mL of
phosphate buffered saline (PBS, pH 7.2) by vortexing, and
pelleted by centrifugation at 13 000 × g for 5 min. Supernatant
was transferred to a sterile 2 mL screwcap tube and stored
at −80◦C for liquid chromatography mass spectrometry
(LC-MS) analysis, while pellets underwent DNA extraction by
a combination of mechanical and chemical cell lysis methods
using the PowerSoil R©-htp 96 Well Soil DNA Isolation kit
(Mo Bio Laboratories, Carlsbad, CA, USA). Amplicons of the
V4 hypervariable region of the bacterial 16S rRNA gene was
amplified from fecal DNA extracts as described previously (Choo
et al., 2015). Briefly, modified universal bacterial primer pairs
515F (5′-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG
GTGCCAGCMGCCGCGGTAA-3′) and 806R (5′-GTCTCGT
GGGCTCGGAGATGTGTATAAGAGACAGGGACTACHVGG
GTWTCTAAT-3′), with Illumina adapter overhang sequences
(indicated by underline) were used for the amplification of
the V4 hypervariable region of the bacterial 16S rRNA gene.
Amplicons were generated from DNA extracts (25 PCR cycles for
amplicon generation, followed by eight PCR cycles for indexing),
cleaned and sequenced according to the Illumina MiSeq 16S
Metagenomic Sequencing Library Preparation protocol with
certain modifications. Specifically, PCR for amplicon generation
was performed at melting temperature of 50◦C. Amplicon
sequencing was performed using an Illumina MiSeq at the David
R Gunn Genomics Facility, South Australian Health and Medical
Research Institute. Full details are provided in Supplementary
Material.
Bioinformatics Analysis
Paired-end 16S rRNA gene sequence reads were analyzed with the
Quantitative Insights Into Microbial Ecology (QIIME) software
(v1.8.0) (Caporaso et al., 2010) using a bioinformatics pipeline
described previously (Jervis-Bardy et al., 2015). Briefly, barcoded
forward and reverse sequencing reads were quality filtered and
merged using Paired-End reAd mergeR (PEAR v0.9.6) (Zhang
et al., 2014). Chimeras were detected and filtered from the paired-
end reads using USEARCH (v6.1) (Edgar, 2010) against the 97%
clustered representative sequences from the Greengenes database
(v13.8) (McDonald et al., 2012). Operational taxonomic units
(OTUs) were assigned to the reads using an open reference
approach with UCLUST algorithm (v1.2.22q) against the SILVA
database release 123 (May 2016) (Quast et al., 2013) that was
clustered at 97% identity. During the OTU assignment, sequences
were pre-clustered at 80% against the reference prior to de novo
clustering. All samples were subsampled to 6,175 reads based
on the lowest read depth. Goods coverage was 98.5% ± 0.003%
(mean ± SD, range: 97.8–99.7%), indicating sufficient resolution
of the microbial community at this subsampling depth. Reported
taxon relative abundances were inferred based on 16S rRNA
gene read abundance. Sequence data is publicly available in the
Sequence Read Archive (SRA) repository under the accession
number SRP080894.
LC-MS Analysis
Fecal supernatant, derived from 2.5 mg of fecal matter in
PBS, was thawed and vortexed. LC-MS was performed on a
quadrupole orthogonal acceleration time-of-flight mass analyzer
(SYNAPT HDMS, Waters Corporation, Milford, MA, USA)
coupled to a UPLC system (ACQUITY, Waters Corporation,
Milford, MA, USA). Reverse-phase chromatographic separation
used a Waters BEH C18 column, 1.7 µm particle size, 2.1 mm
i.d. × 150 mm (Milford, MA, USA). To assess LC-MS system
variability throughout an analysis run, a pooled biological quality
control (PBQC) was prepared by combining 10 µL from each
sample. Two mass spectrometry experiments were performed,
one in negative and one in positive ionization mode. Detailed
LC-MS protocols are provided as Supplementary Materials and
Methods in Supplementary Material.
Statistical Analysis
Microbial data were analyzed for alpha diversity measures
(taxa richness, Taxa_S; taxa diversity, Shannon-Wiener index
H; taxa evenness, Simpson diversity index, 1-D) of microbial
community using PAST (v.3.04) (Hammer et al., 2001). OTU
relative abundance was imported into the Primer-E software
(v.6, PRIMER-E Ltd, Plymouth, UK) for beta diversity analysis.
Bray–Curtis similarities were calculated based on the square root-
transformed OTU relative abundances, and were used in the
non-metric multidimensional scaling (NMDS) ordination plot.
Permutational analysis of variance (PERMANOVA) model was
used for testing the null hypothesis of no difference between
the compared groups (Anderson and Walsh, 2013), based on
the permutation of residuals under a reduced model and a
type III sum of squares. The bacterial taxa that contributed
to significant dissimilarities between groups were determined
by SIMPER analysis (Clarke, 1993). PERMDISP was used to
assess the dispersion of the microbial community within the
groups (Anderson and Walsh, 2013). Comparisons between the
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microbial and metabolome abundance data was performed using
the RELATE analysis (Clarke and Warwick, 2001). Differences in
the relative abundance of phyla and genera between generation
groups were, where possible, tested for statistical significance
based on a nested ANOVA analysis (litters nested in generation),
using a type III sum of squares approach on log transformed
values in SPSS (v22.0). Multiple pairwise comparisons between
groups were performed on the estimated marginal means,
with Bonferroni correction applied. Comparisons between
generation and within-individual variance was performed using
the Kruskal–Wallis test with Dunn’s multiple comparison test
using GraphPad PRISM 6 (GraphPad Software Inc., La Jolla,
USA). Heatmap was generated in R using the ggplots2 package
(v2.0.0) (R Core Team, 2015; Wickham and Chang, 2015).
Unassigned taxa comprised less than 0.1% of the relative
abundance and were not included in the phyla relative abundance
comparison. The DNA and metabolome samples of two mice
from G1 and one mouse from G6 failed quality control thresholds
and were excluded from microbiota and metabolome analysis,
respectively, as the number of observed taxa were very low (less
than 20) and the sample was too dilute. G1 mice, and five G6
mice, were excluded from assessment of litter effects as data for
the maternal origins of these mice were not available.
Liquid chromatography mass spectrometry-based
metabolomics data were processed using Progenesis QI
software (v2.2, Nonlinear Dynamics, Newcastle Upon Tyne,
UK). Detailed processing and analysis pipeline for these data
are provided as Supplementary Materials and Methods in
Supplementary Material. All putative metabolites were assigned
based on molecular weight. Statistical analysis were performed at
a significance level of 0.05.
RESULTS
Variation in Fecal Microbiota Alpha
Diversity
The microbiome dynamics associated with the introduction
of a new mouse population to a facility were assessed by
comparing intestinal microbiota structure in the founder stock
(G1) with that in the subsequent generation (G2). Further,
the extent to which inter-generational differences between
populations bred within the same facility persisted, were also
assessed (G2 to G6). Mean microbiota evenness (Simpson index)
was significantly lower only in G6 (p = 0.037) compared to
G1 (Figures 1A–C). These results suggested notable shifts in
microbiota composition that were characterized by an increasing
dominance of several taxa in the gut microbiota, which occurred
beyond the initial transition from founder population to second
generation offspring.
Variation in Fecal Microbiota
Composition
The significance of changes in microbiota composition
among generations was assessed by PERMANOVA.
Significant differences were identified across the mice
FIGURE 1 | Alpha diversity analysis of the fecal microbiota of
C57BL/6J inbred mice across four different generations. The fecal
microbial diversity of mice were measured based on (A) microbial richness
(B) Shannon-Wiener index H for microbial diversity and (C) Simpson index
1-D as a measure of microbial evenness, which takes into consideration
microbial richness. Each point represents a sample. The middle bar
represented the mean and the error bars represented the standard error of
mean for each mice generation. The significance of differences between
group means was determined using ANOVA with Bonferroni correction for
pairwise comparisons.
generations (PERMANOVA p < 0.0001, 9916 permutations;
Pseudo-F = 12.65, square root ECV: Gen = 12.25,
residual = 15.99) and in pairwise analysis of each generation
(Supplementary Table S1). Based on t-statistic values, changes
in microbiota composition were most substantial between
G1 and G2 (t = 4.23, Bonferroni-adjusted p = 0.0006), with
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FIGURE 2 | Non-metric multidimensional scaling (NMDS) ordination plot of the fecal microbiota. NMDS plot was generated based on the Bray–Curtis
distances of the fecal microbiota of C57BL/6J inbred mice from the founder (G1), second (G2), third (G3), and sixth (G6) generation within a single facility, and the
same strain of mice from a separate animal facility, AF2. Mice from the different generations and facility and mice sex are labeled as indicated. Bacterial taxa that
contributed to the differences between the mice groups are shown as vectors based on a Spearman correlation of >0.4, with the corresponding weight and
direction shown in the box inset.
moderate differences between G2, G3, and G6 (t = 2.00 to 2.95,
Bonferroni-adjusted p ≤ 0.003). This pattern can be illustrated
by NMDS based on Bray–Curtis distances (Figure 2; G1 to G6
only NMDS plot in Supplementary Figure S2; compositional
data shown in Supplementary Figure S3), where generational
clustering is evident, particularly between G1 and subsequent
generations.
At the phylum level, significant changes in the mean relative
abundances of Firmicutes, Bacteroidetes, Verrucomicrobia, and
Actinobacteria were observed among the mice generation groups
(p < 0.05, ANOVA) (Supplementary Table S2). Microbiota
composition differences between G1 and G2 mice were
characterized by a significant decrease in the relative abundance
of Verrucomicrobia (p < 0.001; ANOVA with Bonferroni
correction), and a significant increased relative abundance of
Firmicutes (p= 0.012) and Actinobacteria (p= 0.009) (Figure 3).
Significant differences in the relative abundance of specific
taxa also persisted beyond this period. While the increase in
Bacteroidetes relative abundance between G1 and G2 was not
significant, significant differences were seen between G1 and G3
(p < 0.001), and between G1 and G6 (p= 0.002).
Inter-generational differences were also observed between G3
and G6 mice, with a decrease in the median relative abundances
of Verrucomicrobia and Actinobacteria [p= 0.039 and p= 0.001,
respectively, ANOVA (litter nested within generation) with
Bonferroni correction]. These changes suggest an ongoing
intergenerational variance as opposed to a unidirectional process
of acclimation.
SIMPER analysis was used to identify the bacterial taxa that
contributed most to the fecal microbiota differences between
G1 and G2, as well as subsequent inter-generational differences
(determined based on contribution of 70% to the cumulative
variance) (Supplementary Figure S4). Significant increases in
the mean relative abundances of Lactobacillus, Clostridium, and
Ruminococcaceae were observed between G1 and G2 mice
(p < 0.05, ANOVA with Bonferroni correction; Supplementary
Figure S4). The mean relative abundance of Turicibacter and
Bifidobacterium also increased between G1, and G2 or G3,
respectively (p = 0.002 and p = 0.008), but decreased at G6
(p = 0.001 and p = 0.037, respectively) (Figure 4). Temporal
changes in the relative abundance of Akkermansia (primarily
accounted for the changes observed for Verrucomicrobia)
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FIGURE 3 | Relative abundances of the major phyla among C57BL/6J mice generations. Box-and-whiskers plot of the phyla relative abundances
(proportion) in four different generations of C57BL/6J inbred mice. The right y-axis was used to plot the relative abundances (proportion) of Actinobacteria. The
whiskers bars represented the minimum and maximum points. Statistical significance was determined at a level of p < 0.05 using ANOVA with Bonferroni correction.
were observed across the G1, G2, G3, and G6 generations
(p < 0.05).
Fecal Microbiota Variation between Mice
Generations and within Individuals Over
Time
Mice in this study ranged from 6 to 8 weeks of age, beyond
the point where the murine intestinal microbiome is thought
to have reached a mature and stable state (Schloss et al.,
2012). Therefore, to determine whether differences in the ages
of individual mice might contribute to the inter-generational
variance observed, we compared microbiota composition of
mice between 1 and 5 weeks PW (4 and 8 weeks of age,
respectively), and between mice at 5 and 13 weeks PW (8 and
16 weeks of age, respectively) (Figure 5). Larger variations were
observed between mice generations, except for variance between
G2 and G3, when compared to the within-individual variance
over time (p < 0.05, Kruskal–Wallis with Dunn’s multiple
comparison test). In addition, no significant within-individual
differences was observed across all time points (PERMANOVA
with Bonferroni correction: p = 0.288, 9915 permutations and
p = 0.577, 9956 permutations, respectively) (Supplementary
Table S3).
Potential Contributors to Compositional
Variance
The influence of litter membership on the observed inter-
generational differences was assessed by PERMANOVA tests
with litter nested within generation. While litter accounted for
a greater proportion of variation than generation (Pseudo-F:
litter = 2.01, generation = 2.79; square root ECV: litter = 7.22,
generation = 6.85, residual = 14.34), significant differences
were still observed between generation (p < 0.0016, 9924
permutations), as also indicated by pairwise analysis between G2
and G3 (t = 1.748, p = 0.013, 9678 permutations) and G3 and
G6 (t = 1.693, p = 0.030, 5193 permutations) (Supplementary
Table S4). The influence of sex of mice in microbiota differences
was also assessed by PERMANOVA tests with generation and
sex as crossed factors. Although the differences in the fecal
microbiota of male and female mice were statistically significant
when analyzed across all samples in the inter-generational study
as a whole (PERMANOVA p = 0.002, 9926 permutations), sex
was not a significant influence to the observed variation between
mice generations (PERMANOVA p= 0.3164, 9866 permutations;
Pseudo-F: sex = 3.32, gen × sex = 1.10; square root ECV:
sex = 4.03, gen × sex = 1.63, residual = 15.70) (Supplementary
Table S5).
Intergenerational Changes in the Fecal
Metabolome
Differences in metabolome composition between the
founder populations and subsequent generations assessed
by unsupervised PCA indicated that the inter-generational
differences in the fecal metabolome mirrored those in microbiota
composition (r = 0.569, p = 0.0001 and r = 0.583, p = 0.0001,
respectively; (Figures 6A,B). Metabolite distribution was
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FIGURE 4 | Taxa specific changes across C57BL/6J mice generations. Relative abundance (proportion) of selected bacterial genera in the fecal microbiota of
C57BL/6J inbred mice that were significantly altered between mice generations. The middle bar and error bars represent the mean and standard error of mean,
respectively. Statistical analyses for each bacterial taxon were performed using ANOVA with Bonferroni correction for comparison between generations at a
significance level of p < 0.05.
substantially different between G1 and G2, with significant
differences in 237 positive electrospray ionization mode (ESI)
markers and 453 negative ESI markers (five-fold change
difference in abundance, ANOVA p < 0.005). Less marked,
but still significant, differences were observed between mice in
subsequent generations (G2–G3: 49 positive ESI and 74 negative
ESI; G3–G6: 50 positive ESI and 79 negative ESI).
S-plots generated from OPLS-DA analysis was used to identify
potential markers that contribute to the difference between
two groups, based on their contribution to the model. S-plots
from pairwise comparisons between G1 and G6 (Figures 6C,D)
revealed a number of metabolites that were significantly different
in the two populations (Supplementary Table S6). One of
the markers, 3-methyldioxyindole, which is potentially derived
from tryptophan through the oxidation of 3-methylindole, was
significantly higher in the G6 metabolome, compared to G1.
Assessing the Scale of Observed
Microbiome-level Change
To provide an indication of the magnitude of changes in
the intestinal microbiome following the introduction of a
mouse population to a facility, we compared inter-generational
differences between our study population to an outgroup
population. We deliberately selected a second population where
there were differences in factors known to strongly influence the
intestinal microbiome characteristics, including diet, husbandry
and barrier conditions (Friswell et al., 2010; Campbell et al.,
2012; Rausch et al., 2016). This comparison group, referred to as
AF2, were held at a separate facility, where less stringent barrier
practices were employed and chow from a different manufacturer
was provided. Further, while of the same strain as the first
population (C57BL/6J substrain), this second group were derived
from a different supplier, and had been held at the facility for
more than six generations.
As expected, fecal microbiota composition in AF2
differed significantly to that in the first population
(G6, referred to as AF1) (PERMANOVA p < 0.0001, 9939
permutations; Pseudo-F = 40.91; square root ECV = 25.6,
residual = 18.78) (Supplementary Table S7) and clustered
separately in the NMDS plot (Figure 2). Comparison of alpha
diversity measures between the two mice populations also
indicated that the AF2 group had significantly higher levels of
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FIGURE 5 | Microbial community variance between and within
individuals. Within-individual variation of mice fecal microbiota between ages
of 1–5 weeks post-weaning (PW) and 5–13 weeks PW (clear bars), and
variation between mice generations (shaded bars) measured using
Bray–Curtis similarity. Bray–Curtis similarity scores of between mice
generations were compared against the within-individual groups, with
significant differences to the 1–5 weeks PW group (∗A) or 5–13 weeks PW
group (∗B) denoted above the bars. The bar plots and error bars represent the
median and interquartile ranges of the groups. Statistical analyses between
groups were performed using the Dunn’s test for multiple comparison
correction at a significance level of p < 0.05.
bacterial richness (p < 0.0001, Mann–Whitney test), diversity
(p < 0.0001) and evenness (p < 0.0001) compared to AF1
(Supplementary Figure S5). Although the microbiota of the AF1
and AF2 mice populations differed significantly, no differences
were observed in the dispersion of microbial community within
each group (Supplementary Figure S5). The magnitude of inter-
group differences ranged from those within a single population
sampled across an 8 weeks interval at the low end (Bray–Curtis
similarity score: 81.62, IQR: 77.16, 85.02), to those between AF1
and AF2 mice and at the high end (Bray–Curtis similarity score:
56.43, IQR: 52.85, 59.23). The divergence observed between G3
and G6 mice (76.41, IQR: 71.33, 79.75), and between G1 and G2
mice (69.06, IQR: 64.95, 73.26) sat between these two extremes
(Figure 5).
Inter-group differences were evident in levels of distinct
bacterial taxa; AF2 mice lacked Turicibacter, Bifidobacterium
(uncultured) and Roseburia that were found in the fecal
microbiota of AF1 mice, while Desulfovibrio, Prevotella,
arasuterella, Parabacteroides, Bacteroides, and Helicobacter
were present only in AF2 mice (Figure 7). A number of
taxa which varied significantly between generations, also
contributed substantially to these inter-group differences,
including Turicibacter (G1 to G2 = 3.98-fold increase; G2 to
G6 = 5.26-fold decrease; G6 and AF2 = 342.47-fold lower in
AF2), Bifidobacterium (G1 to G2 = 2.70-fold increase; G2 to
G6 = 1.32-fold decrease; AF1 and AF2 = 104.71-fold lower
in AF2), and Roseburia (9.95-fold increase; 1.05-fold decrease;
8.62-fold lower in AF2).
In keeping with microbiota-level analysis, unsupervised PCA
based on AF1 and AF2 metabolome data indicated substantial
between-group differences, with significant differences in 684
positive ESI and 850 negative ESI (Figures 8A,B, respectively;
five-fold change difference in abundance, ANOVA p < 0.005).
Accordingly, the proportion of positive and negative markers
shared between AF1 and AF2 (85.7%), were lower compared
to those shared between the mice generation groups (G1–
G2: 87.8%; G2–G6: 93.8%). S-plots of OPLS-DA analysis from
pairwise comparisons performed between AF1 and AF2 groups
(Figures 8C,D and Supplementary Table S8) revealed several
positive and negative ESI markers that were highly discriminant
between the groups (p < 0.005, Student’s t-test). Biomarkers
that significantly differed between the inter-facility group include
potential tryptophan metabolites (2-indolecarboxylic acid or 4,6-
dihydroxyquinolone) and amino acids, suggesting functional
difference in mice between different facilities.
DISCUSSION
Given the fundamental role of the gut microbiome in many
aspects of host physiology, the growing number of reports
that implicate microbiota-level differences in the outcomes of
in vivo experiments are perhaps unsurprising. Variance in the
gut microbiome clearly has the potential to affect our ability to
replicate experimental findings, and is an essential consideration
when designing investigations. Our findings extend previous
reports that describe intestinal microbiota changes that occur
when mice move from suppliers to research facilities (Fushuku
and Fukuda, 2008b; Hoy et al., 2015). We observed substantial
changes in both microbiota composition and its functionality,
over subsequent mice generations within a highly controlled
facility.
The observed differences between the introduction population
and second generation animals is on a scale that approached
those seen between populations that were subject to differences
in major determinants of the intestinal microbiome, including
diet, husbandry, and genetic background. Overall, an ongoing
increase in the number of bacterial taxa detectable in fecal
samples, a reduction in the evenness of their distribution, and
variation in the microbiota composition, was observed. Further,
there was more subtle but ongoing inter-generational variation in
subsequent generations.
Significant genus-level changes were identified between the
founder populations and subsequent generations. While the
physiological impact of these changes is not known, some of
the taxa that contributed substantially to variance are known to
influence regulation of host systems considerably. For example,
the relative abundance of the Akkermansia genus decreased
substantially between G1 and G2. Akkermansia is known to
be involved in mucin-degradation, acetate and propionate
production, and modulates the expression of host metabolic
genes (Lukovac et al., 2014; Shin et al., 2014; Anhe et al., 2015).
Akkermansia also appears to be an important regulator of adipose
tissue homeostasis, with levels strongly correlated to the lipid
metabolism and markers of inflammation (Dao et al., 2014;
Schneeberger et al., 2015). Other taxa whose relative abundance
changes markedly between G1 and subsequent generations
included Roseburia and Clostridium, which are members of
the Clostridium XIVa cluster, a group of mucosa-associated
SCFA-producing species that has been implicated in immune
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FIGURE 6 | Fecal metabolome analysis among C57BL/6J mice generations. Unsupervised PCA analysis of fecal samples of G1, G2, G3, and G6 mice based
on (A) positive and (B) negative ESI markers. The open and closed symbols represent female and male mice, respectively. S-plots were generated from OPLS-DA
analysis of (C) positive and (D) negative markers, with the discriminant markers between the groups as labeled (Model fit: R2Y = 0.95, Q2 = 0.93 for positive
ionization mode and R2Y = 0.93, Q2 = 0.89 for negative ionization mode).
homeostasis and the amelioration of colonic inflammation in
inflammatory bowel diseases (Morgan et al., 2012; Machiels et al.,
2014). Taxa in the Clostridium XIVa cluster have been shown to
induce the production of the anti-inflammatory cytokine IL-10
by T regulatory cells and inhibit the proinflammatory NF-κB
pathway, implicated in tumor cell apoptosis (Hague et al., 1995;
Atarashi et al., 2011; Lopetuso et al., 2013). Ongoing instability
in the relative abundances of Turicibacter and Bifidobacterium
was observed across the generations assessed. Turicibacter
levels have been linked to immune phenotypes, including the
population levels of marginal zone B cells and invariant natural
killer T cells (Presley et al., 2010). Temporal changes in the
relative abundances of Bifidobacterium, a genus associated with
immunomodulation, and the basis of some probiotic treatments
(Toumi et al., 2014), were also observed.
The rate and nature of change of the microbiota following
introduction of mice into a facility will be influenced by factors
such as the extent of differences between the two sites, as
well as a range of external selective factors (Rausch et al.,
2016). This process of acclimation will depend on the stochastic
loss or gain of taxa, combined with the effect of husbandry
conditions such as chow treatment and the potential for contact
with novel taxa (for example, the implementation of barrier
conditions). The vertical transmission of intestinal microbiota
during birth and nursing, as demonstrated by cross-fostering
and embryo-implantation experiments (Daft et al., 2015), is
likely to further contribute to this process and has been shown
to be particularly susceptible to stochastic change (Rausch
et al., 2016; Sonnenburg et al., 2016). However, other potential
contributors must be considered. For example, the composition
of the intestinal microbiota changes substantially during mouse
development, and between group differences could therefore lead
to generational variance. However, we assessed mice of an age
substantially beyond that where the murine intestinal microbiota
is thought to be mature and stable (11–17 days PW) (Schloss
et al., 2012). Furthermore, our assessment of within-individual
variation indicated that the gut microbiota composition of
mice did not significantly differ at 4, 8, and 16 weeks old,
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FIGURE 7 | Microbiota comparison of C57BL/6J mice between two animal facilities. Heatmap analysis of selected bacterial genera that contributed to the
variation (up to 85% of variance) between the two different animal facilities. Bacterial taxa that were significantly different between the groups were denoted with an
asterisk (∗), as determined by the Mann–Whitney test. Taxa abundances were tabulated as square root-transformed OTU counts. The phylum category for each
genera are stated as abbreviations: Bacteroidetes (B), Firmicutes (F), Actinobacteria (A), and Proteobacteria (P).
suggesting that the changes between generations were due to
other factors than weaning. Differences in sex distribution might
also represent a potential bias, despite having been shown
previously to be associated with only a low level of microbiota
variation in mice (Fushuku and Fukuda, 2008a; Campbell et al.,
2012), of which some might be due to cage effects from the
separate housing of sexes (Friswell et al., 2010). The failure to
observe any sex-related variance here further suggests that sex
distribution cannot explain inter-generational variance. While
the influence of cage effects could not be measured within
our intergenerational assessments, the distribution of mice did
not differ between the generational groups assessed. Further,
C57BL/6J mice strains have been previously shown to be less
susceptible to co-caging effects compared to other mice strains
(Deloris Alexander et al., 2006; Campbell et al., 2012). The
influence of litter membership was also assessed. While litter
membership did account for a substantial proportion of the
microbiome variation observed, it did not fully account for the
differences between generations.
The gut microbiome is believed to contain substantial
functional redundancy, with multiple bacterial taxa capable of
contributing to similar metabolic outcomes (Moya and Ferrer,
2016). Differences in microbiota composition do not, therefore,
necessarily result in alterations to the overall functional output
of the gut microbiome. However, we observed inter-generational
differences in microbiota composition to be associated with
corresponding differences in the fecal metabolome, consistent
with previous studies indicating a close correlation between
microbiota metabolome composition (Larsen and Dai, 2015).
Indeed, it has been demonstrated that metabolome characteristics
provide a better indication of intestinal dysbiosis than microbiota
composition (Larsen and Dai, 2015). The physiological impact
of discriminant metabolites, such as the inter-group variation
in tryptophan pathway metabolites and amino acids, was not
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FIGURE 8 | Fecal metabolome analysis of C57BL/6J mice between two animal facilities. Unsupervised PCA analysis of fecal samples of C57BL/6J mice
from two different animal facilities in the (A) positive- and (B) negative ion mode. The open and closed symbols represent female and male mice, respectively. S-plots
were generated from OPLS-DA analysis of (C) positive and (D) negative markers, with the discriminant markers between the groups as labeled (Model fit:
R2Y = 0.91, Q2 = 0.66 for positive ionization mode and R2Y = 0.96, Q2 = 0.83 for negative ionization mode).
assessed as part of this study. However, these pathways have
previously been shown to have potential influence on processes
such as immune regulation, colonization resistance, metabolic
homeostasis, and central nervous system function (Bernstein
et al., 2011; Vinolo et al., 2011; Theriot et al., 2014), and warrant
further investigation.
We assessed mice held at separate facilities to provide a
comparison for levels of inter-generational variance. A second
population was deliberately selected that differed in factors that
are known to strongly influence the intestinal microbiome
characteristics, including diet, husbandry, and genetic
background. In keeping with previous reports, substantial
inter-group differences were observed (Ericsson et al., 2015).
These included substantial differences in taxa that are likely to
significantly influence host physiology, including Desulfovibrio,
Bacteroides, Parabacteroides, Prevotella, and Allobaculum. The
changes in these taxa can, for example, render the mucus layer
more penetrable (Jakobsson et al., 2015), a phenomenon that
is implicated in the development of spontaneous colitis (Hale
and Greer, 2012). Again, differences in microbiota composition
were reflected in changes in the metabolome, including levels
of 2-indolecarboxylic acid and 4,6-dihydroxyquinolone, which
form part of the tryptophan pathway and are involved in
immune modulation, inflammation and affects intestinal
function (Zheng et al., 2011; Zhang et al., 2012). Levels of amino
acids, such as glutamine, glutamate and aspartate, which are
important in intestinal epithelial cell layer renewal and nutrient
absorption (Blachier et al., 2009), and also act as a precursor for
microbial production of SCFAs (Neis et al., 2015), also differed
significantly.
This study had a number of limitations that should be
considered. First, 16S rRNA gene amplicon sequencing and
LC-MS profiling for characterization of microbiota composition
and the fecal metabolome, respectively, are imperfect. For
example, 16S-based approaches can be influenced by differences
in ribosomal operon copy number between taxa (Kembel et al.,
2012), while LC-MS output does not always allow confident
identification of all detected metabolites (Xiao et al., 2012).
Further, the number of mice that were assessed will contribute
to the relative impact of factors such as cage and litter effects
on inter-generational changes. The future application of the
increasingly sophisticated microbiome characterization strategies
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to larger mouse populations will further refine the observations
reported here.
CONCLUSION
By assessing changes that occur following the introduction of a
mouse strain into a research facility, our study models a process
that has taken place in the majority of animal populations used
in research. We observed significant changes in the microbiota,
particularly between the founder population and the second
generation, but also between generations of mice kept in the same
facility. The reflection of these differences in the metabolome
suggests the potential to alter a range of host metabolism
pathways that are investigated as experimental outcomes, or
affect the reproducibility of studies. Controlling for differences
in microbiota composition between experimental populations
is challenging. However, by identifying both a highly dynamic
process of acclimation that follows population introduction into
a facility, and an ongoing variance in the characteristics of
the intestinal microbiome, this study highlights an important
consideration for the design of experiments involving mice.
AUTHOR CONTRIBUTIONS
JC and PT contributed to the execution, design, analysis and
writing of the manuscript. CB and NJ contributed to the
execution of the study, LL, GA, TD, SW, MS, and GR contributed
to the analysis and writing of the manuscript. All authors read
and approved the final manuscript.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10.3389/fmicb.
2017.00608/full#supplementary-material
REFERENCES
Anderson, M., and Walsh, D. (2013). PERMANOVA, ANOSIM, and the Mantel
test in the face of heterogeneous dispersions: What null hypothesis are you
testing? Ecol. Monogr. 83, 557–574. doi: 10.1890/12-2010.1
Andoh, A., Tsujikawa, T., and Fujiyama, Y. (2003). Role of dietary fiber and short-
chain fatty acids in the colon. Curr. Pharm. Des. 9, 347–358. doi: 10.2174/
1381612033391973
Anhe, F. F., Roy, D., Pilon, G., Dudonne, S., Matamoros, S., Varin, T. V., et al.
(2015). A polyphenol-rich cranberry extract protects from diet-induced obesity,
insulin resistance and intestinal inflammation in association with increased
Akkermansia spp. population in the gut microbiota of mice. Gut 64, 872–883.
doi: 10.1136/gutjnl-2014-307142
Atarashi, K., Tanoue, T., Shima, T., Imaoka, A., Kuwahara, T., Momose, Y., et al.
(2011). Induction of colonic regulatory T cells by indigenous Clostridium
species. Science 331, 337–341. doi: 10.1126/science.1198469
Bernstein, C., Holubec, H., Bhattacharyya, A. K., Nguyen, H., Payne, C. M.,
Zaitlin, B., et al. (2011). Carcinogenicity of deoxycholate, a secondary bile acid.
Arch. Toxicol. 85, 863–871. doi: 10.1007/s00204-011-0648-7
Blachier, F., Boutry, C., Bos, C., and Tome, D. (2009). Metabolism and functions of
L-glutamate in the epithelial cells of the small and large intestines. Am. J. Clin.
Nutr. 90, 814S–821S. doi: 10.3945/ajcn.2009.27462S
Brinkman, B. M., Becker, A., Ayiseh, R. B., Hildebrand, F., Raes, J., Huys, G.,
et al. (2013). Gut microbiota affects sensitivity to acute DSS-induced
colitis independently of host genotype. Inflamm. Bowel Dis. 19, 2560–2567.
doi: 10.1097/MIB.0b013e3182a8759a
Campbell, J. H., Foster, C. M., Vishnivetskaya, T., Campbell, A. G., Yang, Z. K.,
Wymore, A., et al. (2012). Host genetic and environmental effects on mouse
intestinal microbiota. ISME J. 6, 2033–2044. doi: 10.1038/ismej.2012.54
Caporaso, J. G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F. D.,
Costello, E. K., et al. (2010). QIIME allows analysis of high-throughput
community sequencing data. Nat. Methods 7, 335–336. doi: 10.1038/nmeth.
f.303
Carding, S., Verbeke, K., Vipond, D. T., Corfe, B. M., and Owen, L. J. (2015).
Dysbiosis of the gut microbiota in disease. Microb. Ecol. Health Dis. 26:26191.
doi: 10.3402/mehd.v26.26191
Choo, J. M., Leong, L. E. X., and Rogers, G. B. (2015). Sample storage significantly
influence faecal microbiome profiles. Sci. Rep. 5:16350. doi: 10.1038/srep16350
Clarke, K. (1993). Non-parametric multivariate analyses of changes in community
structure. Aust. J. Ecol. 18, 117–143. doi: 10.1111/j.1442-9993.1993.tb00438.x
Clarke, K., and Warwick, R. (2001). Change in Marine Communities: An Approach
to Statistical Analysis and Interpretation, 2nd Edn. Plymouth: PRIMER-E Ltd.
Claus, S. P., Tsang, T. M., Wang, Y., Cloarec, O., Skordi, E., Martin, F. P., et al.
(2008). Systemic multicompartmental effects of the gut microbiome on mouse
metabolic phenotypes. Mol. Syst. Biol. 4:219. doi: 10.1038/msb.2008.56
Daft, J. G., Ptacek, T., Kumar, R., Morrow, C., and Lorenz, R. G. (2015). Cross-
fostering immediately after birth induces a permanent microbiota shift that
is shaped by the nursing mother. Microbiome 3:17. doi: 10.1186/s40168-015-
0080-y
Dao, M. C., Everard, A., Aron-Wisnewsky, J., Sokolovska, N., Prifti, E., Verger,
E. O., et al. (2014). Akkermansia muciniphila and improved metabolic health
during a dietary intervention in obesity: relationship with gut microbiome
richness and ecology. Gut 65, 426–36. doi: 10.1136/gutjnl-2014-308778
Deloris Alexander, A., Orcutt, R., Henry, J., Baker, J. Jr., Bissahoyo, A., and
Threadgill, D. (2006). Quantitative PCR assays for mouse enteric flora
reveal strain-dependent differences in composition that are influenced by the
microenvironment. Mamm. Genome 17, 1093–1104. doi: 10.1007/s00335-006-
0063-1
Edgar, R. C. (2010). Search and clustering orders of magnitude faster than BLAST.
Bioinformatics 26, 2460–2461. doi: 10.1093/bioinformatics/btq461
Ericsson, A. C., Davis, J. W., Spollen, W., Bivens, N., Givan, S., Hagan, C. E., et al.
(2015). Effects of vendor and genetic background on the composition of the
fecal microbiota of inbred mice. PLoS ONE 10:e0116704. doi: 10.1371/journal.
pone.0116704
Fahey, J. R., Katoh, H., Malcolm, R., and Perez, A. V. (2013). The case for genetic
monitoring of mice and rats used in biomedical research. Mamm. Genome 24,
89–94. doi: 10.1007/s00335-012-9444-9
Friswell, M. K., Gika, H., Stratford, I. J., Theodoridis, G., Telfer, B., Wilson, I. D.,
et al. (2010). Site and strain-specific variation in gut microbiota profiles and
metabolism in experimental mice. PLoS ONE 5:e8584. doi: 10.1371/journal.
pone.0008584
Fushuku, S., and Fukuda, K. (2008a). Gender difference in the composition of fecal
flora in laboratory mice, as detected by denaturing gradient gel electrophoresis
(DGGE). Exp. Anim. 57, 489–493.
Fushuku, S., and Fukuda, K. (2008b). Inhomogeneity of fecal flora in separately
reared laboratory mice, as detected by denaturing gradient gel electrophoresis
(DGGE). Exp. Anim. 57, 95–99.
Hague, A., Elder, D. J., Hicks, D. J., and Paraskeva, C. (1995). Apoptosis in
colorectal tumour cells: induction by the short chain fatty acids butyrate,
propionate and acetate and by the bile salt deoxycholate. Int. J. Cancer 60,
400–406. doi: 10.1002/ijc.2910600322
Hale, L. P., and Greer, P. K. (2012). A novel murine model of inflammatory bowel
disease and inflammation-associated colon cancer with ulcerative colitis-like
features. PLoS ONE 7:e41797. doi: 10.1371/journal.pone.0041797
Frontiers in Microbiology | www.frontiersin.org 12 April 2017 | Volume 8 | Article 608
fmicb-08-00608 April 7, 2017 Time: 17:20 # 13
Choo et al. Intergenerational Murine Gut Microbiome Variation
Hammer, O., Harper, D. A. T., and Ryan, P. D. (2001). PAST:
paleontological statistics software package for education and data analysis.
Palaentol. Electron. 4:9.
Hoy, Y. E., Bik, E. M., Lawley, T. D., Holmes, S. P., Monack, D. M., Theriot, J. A.,
et al. (2015). Variation in taxonomic composition of the fecal microbiota in
an inbred mouse strain across individuals and time. PLoS ONE 10:e0142825.
doi: 10.1371/journal.pone.0142825
Hufeldt, M. R., Nielsen, D. S., Vogensen, F. K., Midtvedt, T., and Hansen, A. K.
(2010). Family relationship of female breeders reduce the systematic inter-
individual variation in the gut microbiota of inbred laboratory mice. Lab. Anim.
44, 283–289. doi: 10.1258/la.2010.010058
Jakobsson, H. E., Rodriguez-Pineiro, A. M., Schutte, A., Ermund, A., Boysen, P.,
Bemark, M., et al. (2015). The composition of the gut microbiota shapes the
colon mucus barrier. EMBO Rep. 16, 164–177. doi: 10.15252/embr.201439263
Jarchum, I., and Pamer, E. G. (2011). Regulation of innate and adaptive immunity
by the commensal microbiota. Curr. Opin. Immunol. 23, 353–360. doi: 10.1016/
j.coi.2011.03.001
Jervis-Bardy, J., Leong, L. E., Marri, S., Smith, R. J., Choo, J. M., Smith-Vaughan,
H. C., et al. (2015). Deriving accurate microbiota profiles from human samples
with low bacterial content through post-sequencing processing of Illumina
MiSeq data. Microbiome 3:19. doi: 10.1186/s40168-015-0083-8
Kembel, S. W., Wu, M., Eisen, J. A., and Green, J. L. (2012). Incorporating 16S
gene copy number information improves estimates of microbial diversity and
abundance. PLoS Comput. Biol. 8:e1002743. doi: 10.1371/journal.pcbi.1002743
Kovacs, A., Ben-Jacob, N., Tayem, H., Halperin, E., Iraqi, F. A., and Gophna, U.
(2011). Genotype is a stronger determinant than sex of the mouse gut
microbiota. Micob. Ecol. 61, 423–428. doi: 10.1007/s00248-010-9787-2
Langille, M. G., Meehan, C. J., Koenig, J. E., Dhanani, A. S., Rose, R. A., Howlett,
S. E., et al. (2014). Microbial shifts in the aging mouse gut. Microbiome 2:50.
doi: 10.1186/s40168-014-0050-9
Larsen, P. E., and Dai, Y. (2015). Metabolome of human gut microbiome is
predictive of host dysbiosis. Gigascience 4:42. doi: 10.1186/s13742-015-0084-3
Liang, X., Bittinger, K., Li, X., Abernethy, D. R., Bushman, F. D., and FitzGerald,
G. A. (2015). Bidirectional interactions between indomethacin and the murine
intestinal microbiota. Elife 4:e08973. doi: 10.7554/eLife.08973
Lopetuso, L. R., Scaldaferri, F., Petito, V., and Gasbarrini, A. (2013). Commensal
Clostridia: leading players in the maintenance of gut homeostasis. Gut Pathog.
5:23. doi: 10.1186/1757-4749-5-23
Lukovac, S., Belzer, C., Pellis, L., Keijser, B. J., de Vos, W. M., Montijn,
R. C., et al. (2014). Differential modulation by Akkermansia muciniphila and
Faecalibacterium prausnitzii of host peripheral lipid metabolism and histone
acetylation in mouse gut organoids. MBio 5, e1438–e1414. doi: 10.1128/mBio.
01438-1414
Machiels, K., Joossens, M., Sabino, J., De Preter, V., Arijs, I., Eeckhaut, V., et al.
(2014). A decrease of the butyrate-producing species Roseburia hominis and
Faecalibacterium prausnitzii defines dysbiosis in patients with ulcerative colitis.
Gut 63, 1275–1283. doi: 10.1136/gutjnl-2013-304833
McCafferty, J., Muhlbauer, M., Gharaibeh, R. Z., Arthur, J. C., Perez-Chanona, E.,
Sha, W., et al. (2013). Stochastic changes over time and not founder effects drive
cage effects in microbial community assembly in a mouse model. ISME J. 7,
2116–2125. doi: 10.1038/ismej.2013.106
McDonald, D., Price, M. N., Goodrich, J., Nawrocki, E. P., DeSantis, T. Z.,
Probst, A., et al. (2012). An improved Greengenes taxonomy with explicit ranks
for ecological and evolutionary analyses of bacteria and archaea. ISME J. 6,
610–618. doi: 10.1038/ismej.2011.139
Meinl, W., Sczesny, S., Brigelius-Flohe, R., Blaut, M., and Glatt, H. (2009). Impact
of gut microbiota on intestinal and hepatic levels of phase 2 xenobiotic-
metabolizing enzymes in the rat. Drug Metab. Dispos. 37, 1179–1186.
doi: 10.1124/dmd.108.025916
Morgan, X. C., Tickle, T. L., Sokol, H., Gevers, D., Devaney, K. L., Ward, D. V.,
et al. (2012). Dysfunction of the intestinal microbiome in inflammatory bowel
disease and treatment. Genome Biol. 13:R79. doi: 10.1186/gb-2012-13-9-r79
Moya, A., and Ferrer, M. (2016). Functional redundancy-induced stability of
gut microbiota subjected to disturbance. Trends Microbiol. 24, 402–413.
doi: 10.1016/j.tim.2016.02.002
Neis, E. P., Dejong, C. H., and Rensen, S. S. (2015). The role of microbial amino
acid metabolism in host metabolism. Nutrients 7, 2930–2946. doi: 10.3390/
nu7042930
Presley, L. L., Wei, B., Braun, J., and Borneman, J. (2010). Bacteria associated
with immunoregulatory cells in mice. Appl. Environ. Microbiol. 76, 936–941.
doi: 10.1128/AEM.01561-09
Quast, C., Pruesse, E., Yilmaz, P., Gerkin, J., Schweer, T., Yarza, P., et al. (2013). The
SILVA ribosomal RNA gene database project: improved data processing and
web-based tools. Nucleic Acids Res. 41, D590–D596. doi: 10.1093/nar/gks1219
R Core Team (2015). R: A Language and Environment for Statistical Computing.
Vienna: R Foundation for Statistical Computing.
Rabadan-Diehl, C., and Nathanielsz, P. (2013). From mice to men: research models
of developmental programming. J. Dev. Orig. Health Dis. 4, 3–9. doi: 10.1017/
S2040174412000487
Rausch, P., Basic, M., Batra, A., Bischoff, S. C., Blaut, M., Clavel, T., et al.
(2016). Analysis of factors contributing to variation in the C57BL/6J fecal
microbiota across German animal facilities. Int. J. Med. Microbiol. 306, 343–355.
doi: 10.1016/j.ijmm.2016.03.004
Rogers, G. B., Keating, D. J., Young, R. L., Wong, M. L., Licinio, J., and
Wesselingh, S. (2016). From gut dysbiosis to altered brain function and mental
illness: mechanisms and pathways. Mol. Psychiatry 21, 738–748. doi: 10.1038/
mp.2016.50
Rogers, G. B., Kozlowska, J., Keeble, J., Metcalfe, K., Fao, M., Dowd, S. E., et al.
(2014). Functional divergence in gastrointestinal microbiota in physically-
separated genetically identical mice. Sci. Rep. 4:5437. doi: 10.1038/srep0
5437
Schloss, P. D., Schubert, A. M., Zackular, J. P., Iverson, K. D., Young, V. B., and
Petrosino, J. F. (2012). Stabilization of the murine gut microbiome following
weaning. Gut Microbes 3, 383–393. doi: 10.4161/gmic.21008
Schneeberger, M., Everard, A., Gomez-Valades, A. G., Matamoros, S., Ramirez, S.,
Delzenne, N. M., et al. (2015). Akkermansia muciniphila inversely correlates
with the onset of inflammation, altered adipose tissue metabolism and
metabolic disorders during obesity in mice. Sci. Rep. 5:16643. doi: 10.1038/
srep16643
Shin, N. R., Lee, J. C., Lee, H. Y., Kim, M. S., Whon, T. W., Lee, M. S., et al.
(2014). An increase in the Akkermansia spp. population induced by metformin
treatment improves glucose homeostasis in diet-induced obese mice. Gut 63,
727–735. doi: 10.1136/gutjnl-2012-303839
Sivan, A., Corrales, L., Hubert, N., Williams, J. B., Aquino-Michaels, K., Earley,
Z. M., et al. (2015). Commensal Bifidobacterium promotes antitumor immunity
and facilitates anti-PD-L1 efficacy. Science 350, 1084–1089. doi: 10.1126/
science.aac4255
Sonnenburg, E. D., Smits, S. A., Tikhonov, M., Higginbottom, S. K., Wingreen,
N. S., and Sonnenburg, J. L. (2016). Diet-induced extinctions in the gut
microbiota compound over generations. Nature 529, 212–215. doi: 10.1038/
nature16504
Sonnenburg, J. L., and Backhed, F. (2016). Diet-microbiota interactions
as moderators of human metabolism. Nature 535, 56–64. doi: 10.1038/
nature18846
Theriot, C. M., Koenigsknecht, M. J., Carlson, P. E. Jr., Hatton, G. E., Nelson, A. M.,
Li, B., et al. (2014). Antibiotic-induced shifts in the mouse gut microbiome
and metabolome increase susceptibility to Clostridium difficile infection. Nat.
Commun. 5:3114. doi: 10.1038/ncomms4114
Toumi, R., Soufli, I., Rafa, H., Belkhelfa, M., Biad, A., and Touil-Boukoffa, C.
(2014). Probiotic bacteria lactobacillus and bifidobacterium attenuate
inflammation in dextran sulfate sodium-induced experimental colitis in
mice. Int. J. Immunopathol. Pharmacol. 27, 615–627. doi: 10.1177/03946320
1402700418
Ubeda, C., Lipuma, L., Gobourne, A., Viale, A., Leiner, I., Equinda, M., et al. (2012).
Familial transmission rather than defective innate immunity shapes the distinct
intestinal microbiota of TLR-deficient mice. J. Exp. Med. 209, 1445–1456.
doi: 10.1084/jem.20120504
Vinolo, M. A., Rodrigues, H. G., Nachbar, R. T., and Curi, R. (2011). Regulation
of inflammation by short chain fatty acids. Nutrients 3, 858–876. doi: 10.3390/
nu3100858
Wickham, H., and Chang, W. (2015). An Implementation of the Grammar of
Graphics. CRAN. Available at: http://ggplot2.tidyverse.org
Wikoff, W. R., Anfora, A. T., Liu, J., Schultz, P. G., Lesley, S. A., Peters, E. C.,
et al. (2009). Metabolomics analysis reveals large effects of gut microflora on
mammalian blood metabolites. Proc. Natl. Acad. Sci. U.S.A. 106, 3698–3703.
doi: 10.1073/pnas.0812874106
Frontiers in Microbiology | www.frontiersin.org 13 April 2017 | Volume 8 | Article 608
fmicb-08-00608 April 7, 2017 Time: 17:20 # 14
Choo et al. Intergenerational Murine Gut Microbiome Variation
Xiao, J. F., Zhou, B., and Ressom, H. W. (2012). Metabolite identification and
quantitation in LC-MS/MS-based metabolomics. Trends Analyt. Chem. 1, 1–14.
doi: 10.1016/j.trac.2011.08.009
Yang, I., Eibach, D., Kops, F., Brenneke, B., Woltemate, S., Schulze, J., et al.
(2013). Intestinal microbiota composition of interleukin-10 deficient C57BL/6J
mice and susceptibility to Helicobacter hepaticus-induced colitis. PLoS ONE
8:e70783. doi: 10.1371/journal.pone.0070783
Zhang, J., Kobert, K., Flouri, T., and Stamatakis, A. (2014). PEAR: a fast
and accurate Illumina Paired-End reAd mergeR. Bioinformatics 30, 614–620.
doi: 10.1093/bioinformatics/btt593
Zhang, X., Choi, F. F., Zhou, Y., Leung, F. P., Tan, S., Lin, S., et al.
(2012). Metabolite profiling of plasma and urine from rats with TNBS-
induced acute colitis using UPLC-ESI-QTOF-MS-based metabonomics–
a pilot study. FEBS J. 279, 2322–2338. doi: 10.1111/j.1742-4658.2012.
08612.x
Zheng, X., Xie, G., Zhao, A., Zhao, L., Yao, C., Chiu, N. H., et al. (2011). The
footprints of gut microbial-mammalian co-metabolism. J. Proteome Res. 10,
5512–5522. doi: 10.1021/pr2007945
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2017 Choo, Trim, Leong, Abell, Brune, Jeffries, Wesselingh, Dear, Snel
and Rogers. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) or licensor are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.
Frontiers in Microbiology | www.frontiersin.org 14 April 2017 | Volume 8 | Article 608
